Lensing anomaly as a fingerprint of alternative scenarios to inflation by Domènech, Guillem et al.
Lensing anomaly as a fingerprint of alternative scenarios to inflation
Guillem Dome`necha,∗ Xingang Chenb, Marc Kamionkowskic, and Abraham Loebb
aInstitut fu¨r Theoretische Physik, Ruprecht-Karls-Universita¨t Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
bHarvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
cDepartment of Physics & Astronomy, Johns Hopkins University,
3400 N. Charles St., Baltimore, MD 21218, USA
The smoothing effect of lensing to the CMB temperature power spectrum is, to some extent,
degenerate with oscillatory modulations of the primordial power spectrum, in particular if the
frequency is close to that of the acoustic peaks. We consider the possibility that the lensing anomaly
reported by the latest Planck 2018 results may be hinting at an oscillatory modulation generated
by a massive scalar field during an alternative scenario to inflation or by a sharp feature during
inflation. We use the full TTTEEE+low E CMB likelihood from Planck to derive constraints on
these two types of models. We obtain that in both cases the AL anomaly is mildly reduced to less
than 2σ. Moreover, we find that the oscillatory modulation generated during an alternative scenario
presents the lowest value of χ2, with ∆χ2 = −13 compared to ΛCDM. Furthermore, the Akaike
Information Criterion suggests that such an oscillation constitutes an attractive candidate since it
has a value ∆AIC = −5 with respect to ΛCDM, comparable to the AL parameter. Interestingly,
the matter bounce and radiation bounce scenarios are compatible with our results. We discuss how
these models of oscillatory features can be tested with future observations.
I. INTRODUCTION
Observations of the cosmic microwave background (CMB) showed that the primordial spectrum of fluctuations
is near scale invariant, adiabatic and gaussian [1]. The leading paradigm to explain these facts is inflation [2–9], a
period of accelerated expansion in the primeval universe. However, one should not ignore other distant competitors
to the throne. Scenarios such as the ekpyrotic universes [10–12], matter contraction/bounce [13], radiation contrac-
tion/bounce [14], string gas cosmology [15] and pre-big-bang cosmlogy [16] may be able to generate a primordial
spectrum compatible with observations, although they face more theoretical problems (see Ref. [17, 18] for general
reviews). Even if these candidates are currently not on equal footing, it would be desirable to have a robust observable
able to tell them apart.
A promising candidate to discriminate between models of the primordial universe is the imprint in the primordial
density fluctuations left by scalar massive fields [19–22]. Already present in the standard model of particle physics
with the Higgs, scalar fields are also ubiquitous in higher dimensional theories, like braneworld cosmology and string
theory, after dimensional reduction [23]. In particular, such dimensional compactification quite generically leads to
many heavy fields with constant masses in the resulting effective theory [24]. This means that, in an expanding or
contracting universe we expect the presence of many fields with masses larger than the scale of the horizon. We will
study scalar fields in this paper.
The basic idea of the signature is as follows. The mass M of a heavy scalar field is directly related to the frequency
of the classical oscillations of the field, if somehow excited above the minimum of the potential, as well as related to
the frequency of the quantum fluctuations in a mass dominated regime if this field is not excited classically. If the field
is excited with a displacement from the minimum or with a non-trivial state for the mode functions, the frequency
will be imprinted in the primordial spectrum, assuming a direct coupling to the field responsible for generating the
curvature perturbations. In the end, the modifications to the curvature perturbations contribute most when a given
mode with physical wavenumber k/a crosses the scale corresponding to M , where a is the scale factor of the universe.
In other words, the oscillations of the massive scalar field have to be evaluated at k = Ma. If the mass M is constant,
the resulting oscillatory features in the primordial fluctuations directly probe the evolution of the primordial universe
through the scale factor a [19–22]. These massive fields are referred to as primordial standard clocks (PSCs).
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2To be more concrete, the oscillatory modulations acquire a k-dependent frequency and are roughly given by sin(ωkγ),
where ω and γ are constant. The exponent γ is directly related to the time dependence of the scale factor. On one
hand, for an inflationary phase we have that γ  1, reaching a logarithmic running1 in k for exact de Sitter expansion
[19]. On the other hand, for a contracting phase (pre-bounce) one finds γ & 1 [19, 22]. The exact constant frequency
case, i.e. γ = 1, is typical of sharp transitions [28, 29]. Thus, oscillatory features in the primordial spectrum, especially
the k-dependence in the frequency, might be a potential discriminator for models of the very early universe. However,
although there are reasons to believe the existence of many heavy fields with constant masses, it is also interesting
to consider more general cases and examine the effects generated by time-dependent clock frequencies, namely non-
standard clocks [19, 30, 31]. To what extent these can cause confusion among different scenarios and how they can
be further distinguished are interesting questions for future studies.
Recently, the latest study of CMB data by Planck pointed out that there seems to be 10% more lensing of the
temperature power spectrum than expected in standard ΛCDM [1]. On one hand, this roughly 2.8σ tension with
ΛCDM is mainly driven by the TT power spectrum when including the smearing of the acoustic peaks [1, 32, 33] (TE
and EE respectively prefer slighlty lower and higher lensing). On the other hand, studies of the CMB lensing power
spectrum, without considering the smoothing of the acoustic peaks, are in good agreement with ΛCDM expectations
[32–34]. Furthermore, the SPTpol data reveals a preference for less smoothing of the acoustic peaks although consistent
with ΛCDM within 1.4σ [32, 35–37]. Also, it has been shown that reionization blurring cannot acount for the lensing
anomaly [38]. Thus, if the anomaly remains, it could be due to new physics which mimic the lensing smoothing of the
acoustic peaks in the power spectrum. For example, it could be due to cold dark matter isocurvature perturbations
[1, 39, 40], which are tightly constrained by their effects to the trispectrum [40], or an oscillatory feature in the
primordial spectrum with a frequency comparable to the acoustic peaks [1, 27]. Regarding the latter, it should be
noted that Refs. [41, 42] already pointed out that oscillations in the primordial power spectrum are degenerate with
the smoothing effects of lensing. This also implies that even if the oscillations do not provide a complete explanation
to the anomaly, such seemingly extra lensing provides a window to find a potential candidate of oscillatory features
in the primordial spectrum.
Analysis by the Planck team found no evidence of an oscillatory feature with constant frequency and amplitude
that eases the so-called AL anomaly [1, 43]. However, as was argued in Ref. [27], general models of inflation and its
alternatives do not predict a constant amplitude nor frequency. Furthermore, Ref. [27] provided a potential candidate
with a constant frequency but k dependent envelope that may reduce the tension. It should be noted that Ref. [27]
did not consider k dependent frequencies as they are unable to fit the acoustic peaks in the whole range of CMB
multipoles. This was clearly an oversimplification since the lensing anomaly is more pronounced for 1100 . ` . 2000
and a fit of a few peaks may be enough to reduce the tension. In this paper, we will push forward this claim by fitting
the latest CMB 2018 data by Planck [1] with the inflationary model of Ref. [27]. Furthermore, we will use the chance
to test whether oscillatory features generated in contracting scenarios from Ref. [22] yield a better fit to the data.
Thus, we will provide the first comparison of inflation with one of its alternatives through a direct measurement of
the scale factor evolution.
The study of oscillatory features in the primordial spectrum is particularly relevant for early universe physics
considering future observational prospects (see e.g. Ref. [28, 29] for extensive reviews on feature models in inflation
models). The constraints on such features are expected to improve by polarization data of future CMB experiments
and by large scale structure surveys [44–50]. Moreover, it has been recently argued that oscillatory features in the
primordial power spectrum are quite robust to non-linear evolution of matter and could be seen in, e.g., the baryon
acoustic oscillations (BAO) [51]. Thus, large-scale structure observations might largely improve CMB constraints on
oscillatory features.
The paper is organized as follows. In Sec. II we briefly review the mechanisms to generate oscillatory features in
the primordial power spectrum in general scenarios. We also present why they may ease the AL anomaly. In Sec. III,
we contrast the templates against the latest CMB temperature and polarization data. We summarize our work and
discussion in Sec. IV. In App. A we provide complementary results.
1 Note that a similar running in k is obtained by trans-planckian modulations due to a new physics hypersurface (γ  1) [25, 26] and in
the boundary effective field theory (γ = 1) [25]. However, the frequency of the oscillatory feature due to trans-planckian modulations is
proportional to the initial conditions. This results in a frequency higher than needed to explain the lensing anomaly [27].
3II. IMPRINT OF OSCILLATING MASSIVE FIELDS IN THE PRIMORDIAL FLUCTUATIONS
We start by deriving the main predictions of PSCs as fingerprints of the evolution of the primordial universe. We
will follow a rather heuristic derivation and we refer the reader to Refs. [19–22] for details. First, let us consider that
the geometry is described by a flat FLRW metric, namely
ds2 = a(τ)2
(−dτ2 + δijdxidxj) , (2.1)
and that the universe follows a power-law expansion given by
a(τ) = a0
(
τ
τ0
)α
= a0
(
t
t0
)p
and H ≡ a
′
a
=
α
τ
, (2.2)
where H is the conformal Hubble parameter and dt = adτ . The power-law index α is related to the equation of state
of matter w = P/ρ, where P stands for pressure and ρ for energy density, by
α =
2
(1 + 3w)
. (2.3)
Later in the paper, we will also introduce a parameter γ, equivalent to α or p, in the data analysis template. The
relations between these parameters are
γ = 1 +
1
α
=
1
p
. (2.4)
On one hand, for an expanding background we have p < 0 or p > 1 (or, equivalently, w < −1/3, α < 0, γ < 1).
In particular, for inflation, |p|  1 (w ∼ −1, α ∼ −1, |γ|  1); for slowly expanding scenarios, p < 0 and |p|  1
(|w|  1, |α|  1, γ  −1). On the other hand, for contracting backgrounds, we have 0 < p < 1 (or, equivalently,
w > −1/3, α > 0, γ > 1). In particular, for the ekpyrotic universe, 0 < p 1 (w  1, 0 < α 1, γ  1); for matter
contraction/bounce scenario, p = 2/3 (w = 0, α = 2, γ = 3/2); for radiation contraction/bounce scenario, p = 1/2
(w = 1/3, α = 1, γ = 2). In any of the cases at hand, conformal time always runs from −∞ < τ < 0 but t runs in
different domains depending on scenarios.
We also consider, for simplicity, that the matter content is composed of two scalar fields. One field ϕ dominates
the energy density of the universe and yields Eq. (2.2) and is responsible for generating the curvature perturbation
R. The other field σ is a massive spectator field with mass larger than the mass scale of the horizon. Note that,
for non-inflation models, the mass scale of the horizon is generically not the same as the Hubble parameter and it is
also highly time-dependent [19]. Consequently, for example, a field initially considered to be heavy can later become
relatively light due to the increase in the horizon mass scale.
The Lagrangian of the model is given by
Lσ = −1
2
gµν∂µσ∂νσ − 1
2
M2σ2 + interactions . (2.5)
Using the uniform-ϕ gauge, in the perturbation theory [19, 22, 52, 53], the scalar field σ and its fluctuations δσ can
directly couple to the curvature perturbation, e.g. by some interaction terms such as
L(2)int,σ = λ1σR2 and δL(2)int,δσ = λ2δσR , (2.6)
where λ1 and λ2 parametrize the strength of two interactions, responsible for classical and quantum PSC cases,
respectively. We will treat the massive field δσ as a small perturbation which modifies the evolution of the curvature
perturbation. In order words, the equations of motion for the curvature perturbation’s mode functions become
R′′ + 2HR′ + k2R = δL
(2)
int(τ)
δR . (2.7)
If the right hand side is a small perturbation, we can split the curvature perturbation into R = R0 +R1. Then we
can solve Eq. (2.7) by the Green’s function method which yields [54–58]
R1(τ) = i
∫
dη (R0(η)R∗0(τ)−R∗0(η)R0(τ))
δL(2)int(η)
δR , (2.8)
4where R0 is the solution of the homogeneous equation and it is given in the WKB approximation by
R0(τ) = 1
a(τ)
√
2k
e−ikτ . (2.9)
At this point we can provide a formal estimation of the modulation of the primordial power spectrum, defined by
PR =
k3
2pi2
〈R2〉 . (2.10)
At the zeroth order we have that PR,0 = k
3
2pi2 |R0|2 and we obtain the prediction for the primordial spectrum of the
scenario at hand. The leading order on R1 will depend on whether σ develops a background value or not. For instance,
if σ undergoes classical oscillations we have that
∆PR,σ
PR,0
=
2Re[R∗0R1]
|R0|2 . (2.11)
Contrariwise, if σ has no background value, the leading contribution to R comes from a second order perturbative
expansion in δσ (δσ and R are statistically independent at the zeroth order). Thus, we obtain that the quantum
fluctuations of δσ yield a modification given by
∆PR,δσ
PR,0
=
|R1|2
|R0|2 . (2.12)
It should be noted that using the in-in formalism one arrives at the same result [19, 22].
We now proceed to provide concrete estimates for the frequency of the resulting oscillatory features in the primordial
spectrum in two different mechanisms. First we will review the modulation coming from a background oscillation of
σ and then by an initial excited quantum state.
A. Classical PSCs in non-inflationary scenarios
As mentioned, exciting a massive scalar field classically requires certain sharp feature or initial configuration. Both
sharp feature/initial condition and the subsequent oscillation of the massive field have an impact on the density
perturbations, generating the sharp feature signal and clock signal, respectively, and the two are smoothly connected.
The review of this subsection only focuses on the clock signal. We will comment on this aspect more later.
The Klein-Gordon equation for the background value of an oscillating massive field is given by
σ′′ + 2Hσ′ +M2a2σ = 0 . (2.13)
Since aM/H > 1, the field σ, if excited, oscillates around the minimum
σ ∼ σ0
(
a
a0
)−3/2 (
c+e
−iΩ(τ) + c−eiΩ(τ)
)
, (2.14)
where c− = c∗+ are constants and
Ω =
∫
aMdτ = Mt . (2.15)
In the final step of Eq. (2.15) we have used that M is constant and that the cosmic time is defined by dt = adτ . If
M was time dependent, we would not have a linear relation between Ω and t.
The background oscillations of σ will modulate the evolution of the curvature perturbation R and introduce oscil-
latory features in the power spectrum. A quick evaluation disregarding time dependent amplitudes yields
∆PR,σ
PR,0
=
2Re[R∗0R1]
|R0|2 ∼ Im
[∫
dηe−2ikη+iΩ(η)
]
, (2.16)
5where we used that R ∝ e−2ikτ is in the Bunch-Davies vacuum deep inside the horizon (k  H). The integral (2.16)
gives it highest contribution at a saddle point where the mode with wavenumber k given by
2k = Ω′ = Ma (2.17)
resonates. Evaluating the integral at the saddle point, one roughly obtains that the modulation of the power spectrum
reads
∆PR,σ
PR,0
∼ A sin
[
α2
|1 + α|
Ma0
H0
(
2k
a0M
)1+1/α
+ θ
]
, (2.18)
where H0 = α/τ0 and θ is an arbitrary phase. Note that similar conclusions are obtained directly from the equations
of motion. Also, for inflation where α ∼ −1 the dependence in k in the frequency is logarithmic.
B. Quantum PSCs in non-inflationary scenarios
The situation gets more interesting in alternative scenarios when one considers the quantum fluctuations of the
massive field δσ around its minimum of the potential (see Ref. [22] for more details). In this case, the equations of
motion for the mode functions are given by
δσ′′ + 2Hδσ′ + (k2 +M2a2) δσ = 0 . (2.19)
The important point is that in contracting scenarios each mode will start in the M dominated regime followed by a
k dominated regime, lastly exiting the horizon H. However, there is a minimum value of k below which the modes
will transition from an M dominated regime directly to outside the horizon. This value of k is given by
kmin ≡ aM
(
aM
H
)− α1+α
= a0M
(
Ma0
H0
)− α1+α
. (2.20)
On one hand, the solution of Eq. (2.19) in the M dominated stage is given by
δσ(τ < τ∗) ∼ c+,Me−iΩ(τ) + c−,Me+iΩ(τ) , (2.21)
where τ∗ is the time where k = aM . On the other hand, the solution in the k dominated regime reads
δσ(τ > τ∗) ∼ c+,ke−ikτ + c−,ke+ikτ , (2.22)
Then, assuming an instantaneous transition and matching at k = Ma we find that
c±,k = c±,M exp
[
±i α
2
1 + α
(
k
kmin
)1+1/α]
= c±,M exp
[
±i α
2
1 + α
Ma0
H0
(
k
a0M
)1+1/α]
. (2.23)
This means that for k > kmin the quantum fluctuations δσ have developed a phase during the transition from the
M -dominated to k-dominated regime. This phase can be encoded in the primordial fluctuations. It should be noted
that as in Sec. II A any time dependence of the mass will modify the induced phase.
Since the field δσ has no background value, the leading contribution to the curvature perturbation power spectrum
is through a second order perturbative expansion, that is
∆PR,δσ
PR,0
=
|R1|2
|R0|2 ∼
∣∣∣∣∫ dηR0(η)δσ(η)∣∣∣∣2 . (2.24)
In this case, it is obvious that there will not be any resonances as δσ during the k-dominated regime oscillates with
the same frequency as R. This time, the frequency of the resulting modulation can be readily estimated by noting
that the phase developed by δσ is time independent. Thus, we can pull it out of the integrals and we have that [22]
∆PR
PR,0
∼ |c+c∗−| sin
(
2
α2
1 + α
(
k
kmin
)1+1/α
+ θ
)
∼ A sin
[
2
α2
|1 + α|
Ma0
H0
(
k
a0M
)1+1/α
+ θ
]
, (2.25)
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FIG. 1: Oscillatory modulation to the primordial power spectrum due to the oscillations of a massive scalar field during a
power-law universe Eq. (3.2)(T1) and a sharp peak in the sound speed of perturbations during inflation Eq. (3.3)(T2). In
green and red we see T1 with α = 2 (γ = 3/2, p = 2/3) and α = 1 (γ = 2, p = 1/2) respectively with the mean values of
table IV. In blue we show T2 with the best fit values of table II. Note how they have a similar shape from k ∼ 0.06Mpc−1 to
k ∼ 0.11Mpc−1. Since they have a frequency similar to that of the acoustic peaks, they may provide an explanation to the AL
anomaly for ` ∼ 800− 1500. It should be noted that the template T1 (green and red lines) induces a non-zero effect infinitely
far from the horizon at k → 0 due to the non-Bunch-Davies vacuum assumption in (2.21).
where θ is an arbitrary phase. Note how in both cases (2.18) and (2.25) one obtains an oscillatory modulation with a
frequency proportional to k1+1/α. This implies that the frequency of these type of oscillatory signals is quite model
independent and directly related to the power-law index α.
We make a few comments before proceeding to the data analysis. First, for a massive field to oscillate classically,
a sharp feature is necessary in any model to push the field above the bottom of potential. To be complete, the sharp
feature also generates a distinctive type of signal in the power spectrum. This signal is sinusoidal and its frequency
in k-space is approximately constant. In the full signal of classical PSC, the sharp feature signal occupies the larger
scales, while the clock signal Eq. (2.18) occupies the shorter scales. The two are smoothly connected. Therefore, we
point out that the template Eq. (2.18) is incomplete and its modification at the larger scales could change the data
analysis significantly. An explicit example of the full signal in the inflation case can be found in Ref. [59, 60]. The full
signals for alternative-to-inflation models have only been studied schematically [19, 20] and explicit examples have
not be constructed so far. In contrast, the quantum PSC case reviewed in Sec. II B does not suffer from the above
problem because quantum fluctuations happen spontaneously in absence of any sharp features. So, our analysis below
mainly applies to the quantum case, and the implications for the classical case should be taken with caution.
Second, from Eq. (2.18) we see a direct relation of the k dependence of the frequency with the power-law index α.
This is due to our constant mass assumption. As mentioned, non-standard clocks, such as time-dependent mass M ,
would modify the direct relation to α [19, 30, 31]. This means that even during inflation one may get more general
k dependence in the frequency. This applies to both the classical and quantum PSC cases. For example, for classical
PSCs, Ref. [31] considered an oscillating spectator massive field during inflation where its mass and the kinetic terms
had a coupling to the inflaton. This coupling renders the effective mass time dependent and leads to a k dependent
frequency of the oscillatory modulation in the primordial power spectrum. Further study of non-Gaussianities revealed
that the k dependence of the amplitude breaks the degeneracy between an oscillatory feature generated during inflation
by a massive field with time-dependent mass and an alternative scenario with constant mass. Furthermore, one may
argue that a constant mass is a more “natural” choice than a fine-tuned interaction during inflation. Also, the number
of parameters involved in the case of time-dependent mass are greater than in the constant mass which may cause
the model to be less favored by Occam’s razor. In this paper, we study the constant mass case. We leave the analysis
and distinction between time-independent and time-dependent cases for future studies.
7Third, in absence of any massive fields, sharp feature alone, such as that in the potential or sound speed, also
generates oscillatory signals in the power spectrum. Actually, this is the first type of oscillatory feature signals that
have been studied extensively in the literature [61–72]. The model-independent feature of this type of signals is the
sinusoidal running with approximately constant frequency, generically described by the following template [67, 70, 71]:
∆PR
PR,0
= C sin
(
2k
k0
+ θ
)
, (2.26)
where k0 is a constant and we have ignored a k-dependent envelop whose form is highly model-dependent. Here we
emphasize that, unlike the PSC signals, the above qualitative behavior of the sharp feature signal, obtained in the
inflationary scenario, is in fact the same even in alternative scenarios to inflation [19]. Notice that the template (2.26)
naively corresponds to the case p = 1 (α = ∞) in (2.25). This makes sense because there is no primordial scenario
that has p = 1, in which case the wavelengths of quantum fluctuations expand or contract at the same speed as
the horizon size and would never exit the horizon. More precise templates from specific types of sharp features are
also used in data analysis. In the following analyses, we will use the template derived in Ref. [27, 58], to be shown
explicitly in Sec. III, for a specific type of sharp feature in the inflation model.
III. CMB CONSTRAINTS AND LENSING ANOMALY
In this section we present the CMB constraints on the aforementioned oscillatory features in the primordial power
spectrum. We also include a constant rescaling of the lensing potential parametrized by the AL parameter [43], where
AL = 1 for ΛCDM. For the primordial power spectrum we assume as usual that it is of a power-law form, namely
PR,0 = As
(
k
kpivot
)ns−1
(3.1)
where kpivot = 0.05Mpc
−1 and As and ns are free parameters to fit with the data. Below we present the explicit form
of the modulations as well as their relation to the lensing anomaly. Later, we describe the methodology and discuss
the main results.
a. Templates for the oscillatory modulation: On top of the power-law ansatz, we consider two templates for the
oscillatory modulation. First, denoting as template 1 (T1), we use the oscillatory feature from an oscillating massive
field in a power-law universe, which is given by
∆PR,T1
PR,0
≈ A sin
[
ω
(
k
k∗
)γ
+ φpi
]
, (3.2)
where A, ω, γ and φ are free parameters and we fix k∗ = 0.163Mpc−1. Second, denoting as template 2 (T2), we use
the oscillatory feature resulting from a sharp peak in the sound speed of pertrubations during inflation, that is [27, 58]
∆PR,T2
PR,0
= B
√
pi
kηf
bs
e
− k
2η2f
b2s
{
sin(2kηf ) +
cos(2kηf )
kηf
− 1
2
sin(2kηf )
(kηf )2
}
, (3.3)
where B, bs and ηf are free parameters which respectively indicate the amplitude, the sharpness and the position of
the feature during inflation.2
b. Relation to the lensing anomaly: The lensing anomaly appears when the lensing potential is allowed to be
rescaled by a constant factor AL [43], where AL = 1 corresponds to ΛCDM. It is essentially used as a diagnostic of the
Planck data [1] and, therefore, carries no physical meaning by itself. Interestingly, Planck reported that there seems
to be 10% more lensing in the smoothing of the power spectrum than expected, especially around 1100 . ` . 2000,
with AL ∼ 1.18 and in tension with AL = 1 at slightly above 2σ. It should be noted that including the lensing
2 The feature is assumed to be of the form c2s = 1 + Be
−b2s ln2[τ/ηf ], where B < 0 to ensure subluminal propagation. We will consider
B ∼ O(0.01). For our purpose, the amplitude of non-Gaussianity fNL ∼ −0.27Bb2s [27, 58, 73] does not impose severe constraints on
the model. The constraints by the Planck data on non-Gaussianities with oscillatory scale-dependence are relatively loose, comparing
to other forms of non-Gaussianities.
8Model (TTTEEE 68% confidence) AL A γ ω φ χ
2
ΛCDM - - - - - 2767
ΛCDM + AL 1.18
+0.07
−0.07 - - - - 2760
ΛCDM + AL + T1 1.14
+0.07
−0.07 0.012
+0.005
−0.005 1.56
+0.18
−0.38 36
+3
−3 −0.8+0.6−0.5 2752
ΛCDM + T1 - 0.015+0.005−0.005 1.69
+0.25
−0.25 37
+3
−3 −0.5+0.5−0.3 2754
Model (TTTEEE 68% confidence) AL B ηf bs χ
2
ΛCDM + AL + T2 1.14
+0.07
−0.07 −0.05+0.03−0.03 124+3−3 71+29−10 2756
ΛCDM + T2 - −0.07+0.04−0.02 123+2−2 70+30−10 2759
TABLE I: Constraints on T1 (top) and T2 (bottom) using the full TTTEEE + low E CMB likelihood from Planck 2018 [1].
For comparison we included the constraints on the AL parameter with and without T1 or T2. In both cases we see that while
ΛCDM +AL yields AL 6= 1 slightly above 2σ, ΛCDM +AL +T1 reduces the AL tension to slightly below 2σ. On the top
table, we also note that ΛCDM +T1 has a ∆χ2 = −13 and ∆χ2 = −6 in comparison respectively with ΛCDM and ΛCDM
+AL. Also we find that in the ΛCDM + T1 the amplitude of the oscillation A = 0 as well as the value γ = 1 are excluded
close to 3σ. For the bottom table, the value of χ2 of ΛCDM +T2 is not significantly lower than ΛCDM +AL and is
∆χ2 = −8 with respect to ΛCDM. Also we find that the amplitude of the oscillation B = 0 is allowed within 3σ.
likelihood AL is compatible with AL = 1 within 2σ [1]. This means that the preference for the anomaly is only due
to the power spectrum. Thus, we will focus on the anomaly in the temperature and polarization power spectra.
The effect of lensing on the CMB power spectrum is to smooth the structure of the acoustic peaks. This could be
plausibly explained by an oscillatory modulation of the primordial power spectrum with a similar frequency of the
acoustic peaks but out of phase (at least around 1100 . ` . 2000). In this way, it would naively reduce the size
of the peaks and fill in the troughs. Although in practice the oscillatory modulation does not completely mimic the
smoothing effect of lensing [27], it may be enough to reduce the tension. In addition, it is known that oscillatory
modulations and the effect of lensing are degenerate [41, 42]. This could imply that the extra lensing observed may
hide an oscillatory modulation of the primordial spectrum. It may present a power-law structure like T1 (3.2) with
the power-law index of γ ∼ O(1), and the case T2 (3.3) with γ = 1. Thus, the lensing anomaly could potentially hide
a fingerprint of alternative scenarios to inflation.
c. Methodology: We use the Boltzmann system solver CLASS3 [74] modified to include the AL rescaling of the
lensing potential to calculate the resulting CMB anisotropies. We do the Bayesian exploration of the parameter space
with the MonteCarlo sampler MontePython4 [75, 76]. Furthermore, we use the full TTTEEEE+low E CMB likelihood
from Planck 2018 [1] and all results will refer to TTTEEE unless stated otherwise. In the beginning, we do not include
the lensing likelihood since the anomaly is driven mainly by the power spectra. We later add the lensing likelihood
to the candidate with the lowest χ2 to see if it has any substantial impact on the parameters. We also consider the
TT+low E CMB likelihood to study the impact of polarization on the value of the power-law index γ of T1 (3.2).
We restrict ourselves to values of the frequency of T1 (3.2) and T2 (3.3) relevant to the AL anomaly, i.e. similar to
the acoustic peaks, which from Refs. [1, 27] is ω ∼ 40 and ηf ∼ 140. This is to prevent multimodal posteriors, i.e.
likelihoods with peaks nearby, which is an interesting challenge for data analysis but it is out of the scope of this
paper. For this reason, we only studied the first relevant peak by restricting the boundaries of the priors. Additionally,
a comparison by eye of the oscillatory modulation with the shape of the acoustic peaks reveals that γ ∼ O(1). Thus,
we focus on the power-law index γ to be 0.05 . γ . 5. For γ > 5 the oscillatory modulation barely fits the residuals
over one acoustic peak. We leave the search with wider parameter space and multimodality for future studies.
3 https://github.com/lesgourg/class_public
4 https://github.com/brinckmann/montepython_public
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FIG. 2: On the left we show the 1D marginalized likelihood for the AL parameter using the full TTTEEE + low E Planck
likelihood respectively for AL (blue), AL+T1 (3.2) (green) and AL+T2 (3.3) (red) cases as well as the TT + low E Planck
likelihood only for AL. We also show the TTTEEE + low E + lensing Planck likelihood for AL (grey) and AL+T1 (purple).
First see how including polarization lowers the preferred value of AL but it is still AL 6= 1 at slightly above 2σ. Second, note
how including the modulations T1 or T2 reduces the preferred value of AL reducing the tension a bit below 2σ. If we include
lensing then the statistical significance of the anomaly goes a bit below 2σ for both AL and AL+T1, the latter with the lowest
value for AL. On the right we present the 1D marginalized likelihood for the power-law index γ = 1 + 1/α in the modulation
T1 (3.2) using the TTTEEE+low E (red), TTTEEE+low E+lensing (purple) and TT+low E (orange) Planck likelihoods.
Note that TT+low E prefers a value γ ∼ 2. Including polarization and lensing lowers the value of γ from γ ∼ 2 to γ ∼ 1.7.
Note that γ = 1 is excluded close to 3σ. See tables I and III for details on the 1σ constraints.
A. Results
The main results are shown in tables I and III and Figs. 2 and 4. We divided the discussion between the implications
to the lensing anomaly and alternative scenarios to inflation. Before that, we proceed to briefly describe the totality
of our results. First, in table I we present the CMB constraints respectively on T1 and T2 with the full TTTEEE+low
E likelihood at 68% confidence including their χ2 values. Later, in table III we show the results on T1 using the
TTTEEE+low E+lensing likelihood. Second, in Fig. 2 we show the 1D marginalized likelihood for the AL parameter
for T1 and T2, including the Planck results for TTTEEE, TTTEEE+lensing and TT, and the power-law index of the
frequency γ. Third, Fig. 4 shows the 1D and 2D marginalized likelihoods with the 1σ and 2σ contours respectively
for T1 and T2. To illustrate our results we plotted the residuals for the best fit values of T1 and T2 in Fig. 3,
respectively given in table II. In the appendix we studied the model T1 for fixed values of the power-law index γ and
the constraints at 68% confidence with TTTEEE+low E are written in table IV. We provide the best fit values of
the model T1 including cosmological parameters in table V. Also in the appendix we include the case of T1 using the
TT+low E Planck likelihood to show the dependence of γ on the polarization. For this case, the constraints at 68%
confidence and the best fit values are given in table VI and the 1D and 2D marginalized likelihoods in Fig. 6. Finally,
an illustration of the best fit model for TT+low E residuals is shown in Fig. 5.
a. Implications for the lensing anomaly: Let us first focus on the CMB constraints to the AL parameter of table
I. Using the TTTEEE+low E data we find that at 68% confidence level
AL =
{
1.18+0.07−0.07 (ΛCDM + AL) ,
1.14+0.07−0.07 (ΛCDM + AL + T1) .
(3.4)
Similarly, we obtain AL = 1.14
+0.07
−0.08 for ΛCDM+AL+T2. If we use TT alone we find that AL = 1.25
+0.10
−0.10. On
one hand, for ΛCDM+AL we recover Planck’s results on the lensing anomaly with a statistical significance a bit
above 2σ. Including lensing further reduces the tension with AL = 1.12
+0.05
−0.06 for ΛCDM+AL and AL = 1.10
+0.05
−0.06
for ΛCDM+AL+T1. On the other hand, if we include T1 and T2 we reduce the tension to slightly below 2σ. As
expected, the lensing anomaly is sensitive to oscillatory modulations in the primordial spectrum. It should be noted
that although the AL anomaly is not completely removed, (i) it becomes less statistically significant and (ii) the
amplitude of the modulations is non-vanishing within 3σ for T1 and 2σ for T2. These results are better illustrated in
the plot at the left of Fig. 2 where we show the likelihood for the AL parameter in all the different cases.
10
0 500 1000 1500 2000 2500
`
−3
−2
−1
0
1
2
3
`∆
D
T
T
`
[µ
K
2
]
×104 AL T1 T1, AL
0 500 1000 1500 2000 2500
`
−3
−2
−1
0
1
2
3
`∆
D
T
T
`
[µ
K
2
]
×104 AL T2 T2, AL
0 500 1000 1500
`
−2
−1
0
1
2
`∆
D
E
E
`
[µ
K
2
]
×103 AL T1 T1, AL
0 500 1000 1500
`
−2
−1
0
1
2
`∆
D
E
E
`
[µ
K
2
]
×103 AL T2 T2, AL
0 500 1000 1500
`
−4
−2
0
2
4
`∆
D
T
E
`
[µ
K
2
]
×103 AL T1 T1, AL
0 500 1000 1500
`
−4
−2
0
2
4
`∆
D
T
E
`
[µ
K
2
]
×103 AL T2 T2, AL
FIG. 3: Residuals of the CMB TT, EE and TE lensed power spectrum in the first, second and third row respectively. In
light blue we show the residuals with the error bars of the Planck best fit against the data. The dotted black line represents
the gaussian smoothed residuals from the data to provide an intuitive picture of the trend. In solid lines we present the
residuals of the best-fit values for T1 and T2 (see table II) after subtracting the best fit value of ΛCDM provided by Planck.
On the left, we see the residuals for the best fit of AL (purple), T1 (red) and AL+T1 (green). On the right, we see the
residuals for the best fit of AL (purple), T2 (red) and AL+T2 (green). Although both models give similar best fits to the eye,
T1 which has a k dependence frequency has a lower χ2 and hints to a signal generated in alternative scenarios to inflation,
although with only marginal statistical significance.
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Model (TTTEEE best fit) AL A γ ω φ χ
2
ΛCDM + AL 1.186 - - - - 2760
ΛCDM + AL + T1 1.126 0.009403 1.184 34.78 −1.526 2752
ΛCDM + T1 - 0.01624 1.65 36.79 −0.4039 2754
Model (TTTEEE best fit) AL B ηf bs χ
2
ΛCDM + AL + T2 1.184 −0.03578 121.1 57.36 2756
ΛCDM + T2 - −0.07742 122.3 66.02 2759
TABLE II: Best fit values for the modulation T1 (top) and T2 (bottom) using the full TTTEEE+low E Planck likelihood.
On the top table, we see that the best fit value for AL has been reduced. However, on the bottom table we find that AL has
been not reduced although the 2σ constraints in table I prefer a lower value.
For illustrative purposes, we also plotted the residuals for best fit values of T1 and T2 (in table II) respectively on
the left and right of Fig. 3. In these plots we included the residuals of the ΛCDM best fit by Planck with error bars
(light blue) and the gaussian smoothed residuals (dotted black) and the ΛCDM + AL (in purple). The residuals of T1
and T2 (in red lines) are similar to those of ΛCDM + AL for the TT power spectrum in the range 1000 . ` . 1500.
However, the possible degeneracy with the lensing smoothing is clearly broken by the EE and TE power spectra.
Curiously, the best fit value for AL of T1 is AL = 1.126 while it is AL = 1.184 for T2. This result seems to suggest
that the template T1 is more degenerate with the lensing anomaly. This may be the reason why it yields a better
χ2 fit to the data when considering ΛCDM+T1 compared to ΛCDM+T2. We also recover Planck 2018 results [1]
regarding an oscillation with constant amplitude and frequency to explain the AL anomaly, that is template T1 with
γ = 1. In the appendix in table VI, we see that T1 with fixed γ = 1 does not reduce the lensing anomaly with
AL = 1.18
+0.07
−0.07 at 68% confidence level. Thus, we showed the importance in reducing the tension of a scale dependent
frequency and/or amplitude of the oscillatory modulation.
b. Implications for alternative scenarios to inflation: Let us discuss the implications of our results as possible
signatures of alternatives scenarios to inflation. From table I, we see that T1 (with 4 extra free parameters) provides
the lowest χ2 fit to the data compared to T2 (3 extra free parameters) and AL (1 extra free parameter). With respect
to ΛCDM we find that ∆χ2T1 ≡ χ2T1 − χ2ΛCDM = −13, ∆χ2T2 = −8 and ∆χ2AL = −7. These results seem to suggest
that the oscillatory modulation T1 provides a more plausible explanation for the AL anomaly than T2, although the
latter has one fewer free parameter.5 In this regard, we use the Akaike Information Criterion6 (AIC) [77, 79, 80] as
an analytical example of a statistical model selection criterion [78]. The results of the AIC should be viewed as a
rough comparison between models. We obtain that the difference with respect to ΛCDM using the TTTEEE+low E
likelihood is given by
∆AIC =

− 5 (ΛCDM +AL)
− 5 (ΛCDM + T1)
− 2 (ΛCDM + T2)
, (3.6)
where we defined ∆AIC[i] = AIC[i]−AIC[ΛCDM] and i stands for the model being compared. The values of the AIC
suggest that model T1 provides an equally reasonable fit to the data compared to AL. Interestingly, if we include
the lensing likelihood we find that the AIC value for AL is reduced to ∆AIC[AL] = −3 while the AIC value for T1
remains the same at ∆AIC[T1] = −5 (see table III). It should be noted that according to Jeffrey’s scale [80] a model
with |∆AIC| > 5, should be view as a “strong” candidate and |∆AIC| > 10 as a “decisive” candidate compared to
the model with a higher AIC. Thus, model T1 constitute an attractive candidate to be tested by future observations
[44–51].
5 We could have use the more general template of Ref. [58] introducing a phase to template T2 (3.3). However, this would double the
number of free parameters and we preferred to keep the number of free parameters to the minimum.
6 The AIC is defined by [77]
AIC ≡ 2n− 2 lnL , (3.5)
where n is the number of parameters and L is the maximum likelihood. We also used that −2 lnL ∼ χ2 [78]. The model with the lowest
AIC constitutes a “better ” candidate to explain the data.
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FIG. 4: 1D and 2D marginalized likelihoods with the 1σ and 2σ contours using the full TTTEEE+low E Planck likelihoods.
On the top figure, we show AL+T1 (blue) and T1 (red) (3.2). Note that ω and γ show a mild degeneracy, where an increase
of γ also leads to increase of ω. This might go against the expectations that in order to fit the frequency of the acoustic peaks
an increase of γ should be compensated by a decrease of ω. Our result is due to a pivot scale k∗ which is too large. If we
choose a pivot scale relevant to the lensing anomaly, e.g. k ∼ 0.1Mpc−1, the degeneracy has a negative slope as expected. On
the bottom figure, we have AL+T2 (blue) and T2 (red) (3.3). We restricted our study to the first relevant peak near the
frequency of the acoustic peaks due to multimodality.
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Model (TTTEEE + lensing 68% confidence) AL A γ ω φ χ
2
ΛCDM - - - - - 2777
ΛCDM + AL 1.12
+0.05
−0.06 - - - - 2772
ΛCDM + AL + T1 1.10
+0.05
−0.06 0.012
+0.005
−0.005 1.53
+0.40
−0.41 37
+4
−3 −0.6+0.6−0.5 2763
ΛCDM + T1 - 0.015+0.005−0.005 1.69
+0.25
−0.29 37
+3
−3 −0.5+0.5−0.4 2764
TABLE III: Constraints on T1 using the full TTTEEE + low E + lensing CMB likelihood from Planck 2018 [1]. For
comparison we included the constraints on the AL parameter with and without T1. Note that that including the lensing
likelihood reduces the AL tension in ΛCDM + AL yielding AL = 1 consistent within 2σ. Adding the oscillatory feature T1
further reduces the anomaly. Also we find that for ΛCDM + T1 the value γ = 1 is excluded close to 3σ. Note how
introducing lensing does not significantly change the main results of table I using the TTTEEE+low E likelihood. This time
we find that ΛCDM + T1 is more favored by the AIC having ∆AIC[T1] = −5 than ΛCDM + AL with ∆AIC[AL] = −3.
Now, let us remind the reader that the kγ dependence in the frequency of oscillatory modulation T1 may be directly
related to the power-law index α of the scale factor in a power-law universe (2.2). This result of Sec. II was based
on the assumption that the mass of the heavy field is constant. Furthermore, we argued that a constant mass might
be favored by Occam’s razor (or quantitatively by AIC) due to the reduced number of parameters compared to a
time-dependent mass. Interestingly, we obtain that the value of power-law index of the frequency of T1 at 68%
confidence level is (see tables I and VI)
γ =
{
1.69+0.25−0.25 (TTTEEE + low E) ,
2.10+0.51−0.49 (TT + low E) .
(3.7)
The inclusion of lensing does not change the constraints on γ. We also found that in the TTTEEEE case γ 6= 1 is
excluded close to 3σ. Considering that T1 has a low AIC value, our result Eq. (3.7) shows that the data seems to
prefer a k-dependent frequency of the oscillatory modulation to the primordial power spectrum. This implies that,
with the constant mass assumption, the oscillatory feature was generated during a contracting phase where the scale
factor evolved as
a ∝ τα with α = 1.45± 0.53 . (3.8)
In other words, the results favor a primordial universe that was dominated by a fluid with an equation of state between
the dust and radiation, during the epoch when the density perturbations were generated. Namely,
w = 0.13± 0.17 . (3.9)
At present, we are not aware of a particular bouncing model with w ≈ 0.13. Nevertheless, our result is compatible
within 2σ with alternative scenarios to inflation such as matter bounce [13] and radiation bounce [14] where, respec-
tively, γ = 3/2 (α = 2, w = 0) and γ = 2 (α = 1, w = 1/3). Ekpyrotic models [10] of the very early universe does
not provide an explanation for such a signal as they require γ  1 (0 < α  1, w  1), i.e. a very slow contraction
scenario.
In this paper, we only analyzed the parameter space for alternative-to-inflation scenarios. It would be interesting
to briefly review and compare the results of the related feature models in the inflation scenario. The residuals of the
power spectrum at ` > 700 measured by Planck can also be fit by several inflationary feature models, see e.g. [81–86].
In particular, Ref. [86] showed that the inflationary resonance models [67, 87, 88], where the oscillatory signals are
generated by periodic features in the inflationary potential, can reduce the χ2 by −11 relative to LCDM with 3 extra
parameters. This gives the same AIC as the candidate analyzed in this paper, although these features are not due
to the PSCs. On the other hand, the same Planck residuals may also be fit by other models where the signals are
generated by the PSCs in the inflation scenario [59, 60]. Detailed comparison with the Planck 2018 data is in progress
[89].
As we can see, both the inflation and non-inflation candidates mentioned above so far all only have marginal
statistical significance, and the Planck power spectrum residuals are still consistent with statistical fluctuations.
However, with future CMB polarization experiments and large scale structure surveys [44–51, 90], these candidates
can be further tested, and can be falsified or distinguished from each other.
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IV. CONCLUSIONS
Future galaxy surveys, together with future CMB experiments, will be able to place new constraints on oscillatory
features in the primordial power spectrum [44–51, 90]. It has also been found that such oscillatory features are quite
robust to non-linear evolution of matter and could be seen in the BAO [51]. Interestingly, the latest analysis of CMB
anisotropies by Planck 2018 [1] found that there is 10% more lensing than expected in the CMB power spectrum. A
plausible explanation for such lensing anomaly is an oscillatory modulation in the primordial power spectrum since
they are degenerate with the smoothing effect of lensing [91], in particular if they have a frequency similar to the
acoustic peaks. It should be noted that polarization data by SPTpol shows a preference for lower values of the lensing
anomaly, although within 1.4σ with ΛCDM expectations [1, 32, 33]. Nevertheless, the lensing anomaly may hide
oscillatory features in the primordial power spectrum which could ease the tension.
In this paper, we analyzed oscillatory modulations caused by two types of feature models: the sharp feature signals
which have constant frequency for both inflation and alternative-to-inflation models; and the PSC signals generated
by quantum-mechanically oscillating massive fields in alternative scenarios to inflation, where the frequency acquires a
power-law dependence in k [19, 22]. We contrasted the candidate (T2) (3.3) from Ref. [27] to explain the AL anomaly
with the latest CMB data by Planck [1]. We also used the modulations (T1) (3.2) of Ref. [22] generated in alternative
scenarios to inflation, which includes the matter or radiation bounce cosmology [13, 14]. In the former, the frequency
of the oscillations is constant, i.e. it goes as ∆PR ∼ sin(ωk) where k is the wavenumber, and it is generated by a
sharp feature during inflation. In the latter, the frequency goes as a power-law of k, namely ∆PR ∼ sin(ωkγ), and its
originates by a massive scalar field in a contracting universe, e.g. γ = 3/2 for matter bounce and γ = 2 for radiation
bounce.
We used Boltzmann system solver CLASS [74] to compute the resulting CMB anisotropies and did the Bayesian
exploration with the MonteCarlo sampler MontePython [75, 76]. We also used the full TTTEEE+low E and TT+low
E CMB likelihoods provided by Planck [1]. At first, we did not consider the lensing likelihood due to the fact that
the anomaly is mainly preferred by the temperature and polarization power spectra. Thus, we studied models that
would reduce the anomaly using the power spectra alone. Also, we restricted our analysis to the first relevant peak
in the likelihood near the frequency of the acoustic peaks due to the appearance of multimodality, i.e. nearby peaks
in the likelihood. Later we considered the effects of including the lensing likelihood for the case with lowest χ2. The
main results can be found in Sec. III, tables I and III and Figs. 2 and 4. First, using the TTTEEE+low E likelihood
we found that the oscillatory modulations T1 (3.2) (4 extra free parameters) and T2 (3.3) (3 extra free parameters)
reduce the lensing anomaly to a statistical significance slightly below 2σ, in contrast with Planck 2018 results (1
extra free parameter) where it is above 2σ. In particular we obtained that in the model ΛCDM + AL + T1 at 68%
confidence
AL =
{
1.14+0.07−0.07 (TTTEEE + lowE) ,
1.10+0.05−0.06 (TTTEEE + lowE + lensing) .
(4.1)
We also recovered that an oscillation with constant amplitude and frequency does not reduce the tension [1] (see table
VI). Thus, our work shows the importance of the k-dependence in the amplitude and frequency to solve the lensing
anomaly. Second, the amplitude of the oscillations is non-zero close to 3σ for T1 and 2σ for T2. We also obtained that
T1 presents the lowest value of χ2 with ∆χ2T1 = −13 with respect to ΛCDM while T2 has ∆χ2T2 = −8, with AL fixed
to 1 in both cases. We also used the AIC as a statistical criterion for model selection. We obtained that ∆AIC = −5
for both AL and T1 compared to ΛCDM, while T2 is not preferred with ∆AIC = −2. The inclusion of the lensing
likelihood lowers the AIC value for AL to ∆AIC[AL] = −3 while it remains the same for T1 with ∆AIC[T1] = −5.
Thus, the model T1 constitutes a falsifiable new candidate to be tested by future data.
In Sec. II we have argued that the modulation T1 due to a massive scalar field may be a probe of the evolution
of the primordial universe. If the mass of the scalar field is constant, the kγ dependence of the frequency of the
oscillatory modulation in the primordial spectrum is directly related to the power-law index α of the scale factor. In
other words, the value of the parameter γ distinguishes different scenarios of the primordial universe. In our analysis
with TTTEEE+low E and TTTEEE+low E+lensing we found that γ = 1.69+0.25−0.25 at 68% confidence level, and it
is above γ = 1, typical of a sharp feature, close to 3σ. Under the constant mass assumption and considering that
such model also presents a low AIC value, our results suggest that during the generation of the feature the universe
was contracting and dominated by fluid with an equation of state between dust (w = 0) and radiation (w = 1/3),
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explicitly at 68% confidence
w = 0.13± 0.17 (TTTEEE + lowE) , (4.2)
where the constraint is unchanged if we include the lensing likelihood. This value of the equation of state is compatible
within 2σ with the matter bounce and radiation bounce cosmology. In contrast, this candidate is incompatible with
oscillatory modulations of the same nature in the ekpyrotic scenario, as it requires w  1. On the other hand, the
AIC value of this non-inflationary candidate is similar to some feature model candidates in the inflation scenario. In
some sense, this might be the first test of the evolutionary history of the scale factor of the primordial universe and a
comparison between inflation and its alternatives, as an independent and complimentary approach to the method of
primordial gravitational waves [92–95].
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Appendix A: Additional results for the modulation T1
Using the full TTTEEE+low E Planck likelihoods on template T1 for fixed values of the power-law index γ we find
table IV.
Model (TTTEEE 68% confidence) AL A γ ω φ χ
2
ΛCDM - - - - - 2767
ΛCDM + AL 1.18
+0.07
−0.07 - - - - 2760
ΛCDM + AL + T1 (α free) 1.14
+0.07
−0.07 0.012
+0.005
−0.005 1.56
+0.18
−0.38 36
+3
−3 −0.8+0.6−0.5 2752
ΛCDM + T1 (α free) - 0.015+0.005−0.005 1.69
+0.25
−0.25 37
+2
−3 −0.5+0.5−0.3 2754
ΛCDM + AL + T1 (α→∞) 1.18+0.07−0.07 0.011+0.004−0.004 1 33+3−3 −0.04+0.3−0.4 2753
ΛCDM + T1 (α→∞) - 0.012+0.005−0.004 1 36+3−2 −0.3+0.3−0.4 2756
ΛCDM + AL + T1 (α = 2) 1.15
+0.08
−0.08 0.012
+0.005
−0.005 3/2 37
+3
−3 1.2
+0.2
−0.2 2749
ΛCDM + T1 (α = 2) - 0.015+0.005−0.005 3/2 36
+2
−2 1.2
+0.2
−0.2 2754
ΛCDM + AL + T1 (α = 1) 1.13
+0.07
−0.07 0.011
+0.006
−0.006 2 40
+4
−3 −0.01+0.17−0.31 2755
ΛCDM + T1 (α = 1) - 0.016+0.005−0.005 2 40
+2
−2 −0.06+0.14−0.19 2754
TABLE IV: Constraints on T1 (3.2) fixing the power-law index γ to see the effect on AL using the full TTTEEE + low E
CMB likelihood from Planck 2018 [1]. For comparison we included the constraints on the AL parameter with and without T1.
See how a value of γ = 2 is the one that reduces the AL parameter the most. This is also compatible with the fact that TT
prefers a value of γ ∼ 2 (see table VI and Fig. 6).
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Model (best fit) 10+9As ns A ω γ φ 100 Ωbh
2 Ωcdmh
2 ΩΛ H0 σ8 100 θs zreio
ΛCDM 2.076 0.9636 - - - - 2.233 0.1193 0.6888 67.63 0.8037 1.042 7.489
ΛCDM + T1 2.106 0.9608 0.01624 36.79 1.65 −0.4039 2.224 0.1226 0.6703 66.43 0.8199 1.042 7.697
TABLE V: Best fit values for the modulation T1 (3.2) using the the TTTEEE+low E Planck likelihood including some
cosmological parameters. We also wrote the results for ΛCDM for easier comparison. See how the paremeters Ωcdmh
2 and
zreio are change by almost 3% with respect to the base ΛCDM.
Now, if we only use the TT+low E Planck likelihoods with template T1 we obtain table VI. The 1D and 2D
marginalized likelihoods are shown in Fig. 6 and an illustrative plot of the best fit values in Fig. 5.
Model (TT 68% confidence) AL A γ ω φ χ
2
ΛCDM - - - - - 1179
ΛCDM + AL 1.25
+0.10
−0.10 - - - - 1173
ΛCDM + T1 - 0.015+0.009−0.009 2.10
+0.51
−0.49 39
+5
−5 0.3
+0.5
−0.4 1170
Model (TT best fit) AL A γ ω φ χ
2
ΛCDM + AL 1.247 - - - - 1173
ΛCDM + T1 - 0.01832 1.846 36.17 −0.03583 1170
TABLE VI: Top: Constraints on T1 (3.2) using the only TT + low E CMB likelihood from Planck 2018 [1]. For comparison
we included the constraints on the AL parameter with and without T1. See how TT prefers a value of γ ∼ 2. Bottom: Best
fit values for the modulation T1 (3.2) using the only the TT+low E Planck likelihood. See how the best fit value for AL has
been reduced.
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FIG. 5: Residuals of the CMB TT lensed power spectrum for the model T1. In light blue we show the residuals with the error
bars of the Planck best fit against the data. The dotted black line represents the gaussian smoothed residuals from the data to
provide an intuitive picture of the trend. In orange lines we see the residuals of the best-fit values for T1 using TT+low E of
table VI after subtracting the best fit value of ΛCDM provided by Planck.
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FIG. 6: 1D and 2D marginalized likelihoods with the 1σ and 2σ contours for the modulation T1 (3.2) using the TT+low
E Planck likelihood. We restricted our study to the first relevant peak near the frequency of the acoustic peaks due to
multimodality. Using only TT+low E the power-law index γ prefers a value close to 2 which corresponds to radiation bounce
cosmology (α = 1). It should be noted that the seemingly growth of the likelihood near the prior boundaries in γ are numerical
effects as we checked by changing the priors in γ. A detailed study of multimodality in the parameter space is left for future
work.
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